Abstract. Osteosarcoma (OS) is the most frequently occurring primary bone malignancy with a rapid progression and poor survival. In the present study, in order to examine the molecular mechanisms of OS, we analyzed the microarray of GSE28425. GSE28425 was downloaded from Gene Expression Omnibus, which also included the miRNA expression profile, GSE28423, and the mRNA expression profile, GSE28424. Each of the expression profiles included 19 OS cell lines and 4 normal bones. The differentially expressed genes (DEGs) and differentially expressed miRNAs (DE-miRNAs) were screened using the limma package in Bioconductor. The DEGs associated with tumors were screened and annotated. Subsequently, the potential functions of the DEGs were analyzed by Gene Ontology (GO) and pathway enrichment analyses. Furthermore, the protein-protein interaction (PPI) network was constructed using the STRING database and Cytoscape software. Furthermore, modules of the PPI network were screened using the ClusterOne plugin in Cytoscape. Additionally, the transcription factor (TF)-DEG regulatory network, DE-miRNA-DEG regulatory network and miRNAfunction collaborative network were separately constructed to obtain key DEGs and DE-miRNAs. In total, 1,609 DEGs and 149 DE-miRNAs were screened. Upregulated FOS-like antigen 1 (FOSL1) also had the function of an oncogene. MAD2 mitotic arrest deficient-like 1 (MAD2L1; degree, 65) and aurora kinase A (AURKA; degree, 64) had higher degrees in the PPI network of the DEGs. In the TF-DEG regulatory network, the TF, signal transducer and activator of transcription 3 (STAT3) targeted the most DEGs. Moreover, in the DE-miRNA-DEG regulatory network, downregulated miR-1 targeted many DEGs and estrogen receptor 1 (ESR1) was targeted by several highly expressed miRNAs. Moreover, in the miRNA-function collaborative networks of upregulated miRNAs, miR-128 targeted myeloid dendritic associated functions. On the whole, our data indicate that MAD2L1, AURKA, STAT3, ESR1, FOSL1, miR-1 and miR-128 may play a role in the development and/or progressio of OS.
Introduction
As a high-grade type and mesenchymally-derived bone sarcoma (1) , osteosarcoma (OS) is the most prevalent primary bone cancer and the 8th most frequent type of cancer affecting young patients (2) . Being characterized by a high malignant degree, rapid progression and a poor survival, OS consists up to 15% of all solid extracranial cancers in patients aged 15-19 years (3,4) . Thus, it is necessary to identify biomarkers involved in OS.
DNA repair gene RecQ protein-like 4 (RECQL4) is overexpressed in OS, and its overexpression is related to overall genomic instability (5) . Human epidermal growth factor receptor 2 (Her-2/neu) expression can induce lung metastasis in OS and may be related to gene amplification (6) . Overexpressed c-fos (FOS) and runt-related transcription factor 2 (RUNX2) may play a role in OS; in particular, RUNX2 expression may serve as a marker of chemotherapy failure in patients with OS (7, 8) . The cell cycle regulator, CDC5 cell division cycle 5-like (CDC5L), is essential for the G2-M transition and may be potential oncogene for the 6p12-p21 amplicon in OS (9) . It has been reported that genes with the function of transcription factors (TFs) can also play a role in OS, such as Yin Yang 1 (YY1), which is expressed in the early process of osteoblastic transformation and its detection may be used as a promising diagnostic method in human OS (10) . In addition, the TF osterix (Osx) can suppress the lung migration of OS tumor cells; thus, the expression of Osx may be implicated in the growth and metastasis of OS (11) .
There are also many studies which have investigated the direct or indirect effect of microRNAs (miRNAs or miRs) on OS. For example, by targeting matrix metalloprotease 13 (MMP13) and B-cell CLL/lymphoma 2 (Bcl-2), miR-143 may be involved in the lung metastasis of human OS cells and may thus be used as a target in cancer therapy (12, 13) . In addition, downregulated miR-199a-3p may function in the growth and proliferation of OS cells; hence, restoring the function of miR-199a-3p may contribute to the treatment of OS (14) . By mediating reversioninducing-cysteine-rich protein with kazal motifs (RECK), miR-21 plays an important role in regulating cell invasion and migration in OS and may be a potential therapeutic target (15) . By regulating c-Met and other genes, miR-34a can function as a tumor suppressor gene and suppresses the pulmonary metastasis of OS; thus, it may be a useful gene therapeutic agent (16) .
In 2012, Namløs et al (17) used global microarray analyses to identify the differentially expressed miRNAs (DE-miRNAs) between OS cell lines and normal bones, and obtained 177 DE-miRNAs. In this study, using the same data by Namløs et al (17) , we aimed to further screen the differentially expressed genes (DEGs) and DE-miRNAs. The potential functions of the DEGs were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. Subsequently, the interaction associations of the proteins encoded by the DEGs were investigated by protein-protein interaction network (PPI) network and modules of PPI network. In addition, the TF-DEG regulatory network, DE-miRNA-DEG regulatory network and miRNA-function collaborative network were separately constructed to obtain key DEGs and DE-miRNAs.
Data collection methods and analysis
Microarray data. The microarray of GSE28425 deposited by Namløs et al (17) was downloaded from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), which included the miRNA expression profile, GSE28423, and the mRNA expression profile, GSE28424. Each of the expression profiles included a collection of 19 OS cell lines and 4 normal bones. GSE28423 was based on the platform of GPL8227 Agilent-019118 Human miRNA Microarray 2.0 G4470B (Agilent Technologies Inc., Santa Clara, CA, USA). GSE28424 was based on the platform of GPL13376 Illumina HumanWG-6 v2.0 expression beadchip (Illumina, San Diego, CA, USA). The OS samples were from a panel collected within EuroBoNeT and from the Norwegian Radium Hospital. Meanwhile, normal bones were from Capital Biosciences or from amputations of cancer patients at the University College London and Norwegian Radium Hospital.
Screening of DEGs and DE-miRNAs. After GSE28425 was downloaded, the microarray data was pre-processed using the limma package (18) (20) databases, the DEGs associated with tumors were screened and annotated.
Functional and pathway enrichment analysis. GO provides controlled and structured vocabularies which model biological process (BP), cell components (CC) and molecular function (MF) (21) . KEGG is a database containing 16 main databases, roughly divided into systems information, chemical information and genomic information (22) . GO functional enrichment analyses, which involved the BP, MF and CC categories, as well as KEGG pathway enrichment analyses were performed for the DEGs and the DE-miRNAs. A p-value <0.05 was used as the cut-off criterion.
PPI network and module construction. The interaction associations of the proteins encoded by the DEGs were searched using STRING online software (http://string-db.org; v9.05) (23) , and the combined score of >0.7 was used as the cut-off criterion. The PPI network was visualized using Cytoscape software (http:// www.cytoscape.org) (24) . Modules of the PPI network were screened using the ClusterOne plugin (25) in Cytoscape, and the significant p-value of the modules were set to 1.1E-6.
TF-DEG regulatory network construction.
Human TF-gene regulatory pairs were downloaded from the UCSC database (http://genome.ucsc.edu/) (26) . The DEGs which can also function as TFs and their target genes were then identified. Moreover, Cytoscape software (24) was used to visualize the the TF-DEG regulatory network.
DE-miRNA-DEG regulatory network construction.
By comparing the experimental validated miRNA-mRNA pairs in the miRecords (http://www.mirecords.umn.edu) (27) and mirWalk (http://mirwalk.uni-hd.de/) (28) databases, pairs of DE-miRNAs from the miRNA expression profile, GSE28423, and DEGs from the mRNA expression profile, GSE28424, were obtained. The DE-miRNA-DEG pairs should appear in either miRecords database or mirWalk database.
miRNA-function collaborative network construction.
According to the functional enrichment results of the DE-miRNAs, the DE-miRNAs which targeted the genes involved in one BP term were identified. Subsequently, miRNA-function collaborative network was constructed. A p-value <0.01 was used as the cut-off criterion.
Results

DEGs analysis.
Compared with normal bones, there were 1,609 DEGs (including 774 upregulated and 835 downregulated mRNAs) and 149 DE-miRNAs (including 76 upregulated and 73 downregulated miRNAs) screened in the OS cell lines. The DEGs associated with tumors were annotated and are listed in Table I . Importantly, upregulated FOS-like antigen 1 (FOSL1) also had the function of an oncogene.
Functional and pathway enrichment analysis. The top 5 enriched GO functions in the BP, CC and MF categories separately for the upregulated and downregulated genes are listed in Table II . For the upregulated genes, the enriched functions included cell cycle (p=0), intracellular membrane-bounded organelle (p=0) and catalytic activity (p=3.05E-10). For the downregulated genes, the enriched functions included cell activation (p=0), extracellular region (p=0) and carbohydrate derivative binding (p=1.55E-08).
The top 10 enriched KEGG pathways separately for the upregulated and downregulated genes are also listed in Table II . For the upregulated genes, the enriched pathways included metabolic pathways (p=1.14E-06), steroid biosynthesis (p=2.02E-05) and spliceosome (p=0.003765459). For the downregulated genes, the enriched pathways included cytokine-cytokine receptor interaction (p=3.76E-06) and osteoclast differentiation (p=7.87E-06).
PPI network and module analysis. The PPI network of the DEGs had 844 nodes and 3,400 interactions. In particular, MAD2 mitotic arrest deficient-like 1 (MAD2L1, degree, 65), cyclin B1 (CCNB1, degree, 65) and aurora kinase A (AURKA, degree, 64) had high degrees in the PPI network. In addition, 3 modules (module 1, module 2 and module 3) of the PPI network were screened (Fig. 1) . In module 1, TAO kinase 1 (TAOK1) was the only downregulated gene. The enriched KEGG pathways for the DEGs in module 1 included oocyte meiosis (p=2.04E-08), cell cycle (p=4.16E-08) and progesterone-mediated oocyte maturation (p=0.000112373) (Table ΙΙΙ) . In module 2, guanine nucleotide binding protein, α inhibiting 1 (GNAI1) and regulator of G-protein signaling 20 (RGS20) were downregulated. The enriched KEGG pathways for the DEGs in module 2 included chemokine signaling pathway (p=0) and cytokine-cytokine receptor interaction (p=9.77E-15) (Table ΙΙΙ) . Furthermore, the DEGs involved in module 3 were all upregulated genes. The enriched KEGG pathways for the DEGs in module 3 included ribosome (p=1.26E-12) and protein processing in endoplasmic reticulum (p=0.043084724) (Table ΙΙΙ) .
TF-DEG regulatory network analysis.
The TF-DEG regulatory network had 311 interactions (involving 10 transcription factors and 285 DEGs) (Fig. 2) . Importantly, the TFs, signal transducer and activator of transcription 3 (STAT3, degree, 158) and forkhead box A1 (FOXA1, degree, 106) targeted the most DEGs.
DE-miRNA-DEG regulatory network analysis.
The DE-miRNA-DEG regulatory network involved 23 upregulated miRNAs and 64 downregulated miRNAs (Fig. 3) . In the DE-miRNA-DEG regulatory network, downregulated miR-1 targeted and activated many DEGs. Moreover, downregulated estrogen receptor 1 (ESR1) was targeted by several high-expressed miRNAs, including miR-221, miR-20b and miR-18a. The enriched GO functions for the upregulated and downregulated miRNAs are listed in Table IV . For the upregulated miRNAs, the enriched functions included positive regulation of retinoic acid receptor signaling pathway (p=0.000211583) and type 1 metabotropic glutamate receptor binding (p=0.000150457). For the downregulated miRNAs, the enriched functions included response to inactivity (p= 0.001989302) and potassium ion binding (p=0.006643278).
miRNA-function collaborative network analysis. The miRNA-function collaborative networks of upregulated (Fig. 4) and downregulated (Fig. 5 ) miRNAs were constructed, respectively. In the miRNA-function collaborative networks of upregulated miRNAs, myeloid dendritic associated functions were targeted by miR-128 and miR-125a-5p. In addition, the nodes in inverse triangle stand for miRNAs, and circles nodes stand for their targeted genes. DEGs: differentially expressed genes. Figure 4 . The miRNA-function collaborative network of upregulated miRNAs. The pink circle nodes represent the biological process terms of Gene Ontology.
Discussion
In this study, we screened 1,609 DEGs (including 774 upregulated and 835 downregulated mRNAs) and 149 DE-miRNAs (including 76 upregulated and 73 downregulated miRNAs) in the OS cell lines compared with normal bones. Importantly, upregulated FOSL1 also had the function of an oncogene.
MAD2L1 (degree, 65) and AURKA (degree, 64) had higher degrees in the PPI network of the DEGs. In the DE-miRNA-DEG regulatory network, downregulated miR-1 targeted many DEGs and ESR1 were targeted by several highly expressed miRNAs. Moreover, in the miRNA-function collaborative networks of upregulated miRNAs, miR-128 targeted myeloid dendritic associated functions. In the PPI network of the DEGs, MAD2L1 and AURKA were with high degrees. The overexpression of Mad2 can induce early dyscrasia, lung metastasis and poor survival in OS (29) . The knockdown of Mad2 leads to OS cell death through apoptosis associated with Rad21 cleavage; thus, Mad2 may serve as a target for cancer therapy (30) . AURKA can promote cell cycle and suppress cell apoptosis, and the inhibition of AURKA by specific short hairpin RNA (shRNA) may be a promising therapeutic strategy of OS (31) . Furthermore, in the TF-DEG regulatory network, the TF, STAT3, targeted the most DEGs. By binding to the promoter region of miR-125b and acting as a transactivator, STAT3 regulates miR-125b which serves as a potential target in the therapy of OS (32) . The overexpression of phosphorylated-STAT3 in OS cells is implicated in poor prognosis and may function as a prognostic indicator and therapeutic target for OS (33, 34) . These data suggest that MAD2L1, AURKA and STAT3 may be closely associated with OS.
Some other molecules have also been involved in OS. The deregulation of miR-1 and miR-133b may correlate with cell cycle and cell proliferation of OS by mediating c-met (MET) protein expression (35) . Through directly regulating PTEN/AKT signaling, miR-128 functions in the proliferation of human OS cells (36) . The hypermethylation of p14ARF and ESR1 separately correlates with the absence of metastases at diagnoses and poor survival, therefore, p14ARF and ESR1 hypermethylation may be used as prognostic indicators for in OS (37) . In 143B OS cells, phosphorylated and activated c-Jun and Fra-1 (also known as FOSL1) can induce MMP1 gene expression which may be a target for invasive and pulmonary metastases of OS, therefore, phosphorylated c-Jun and Fra-1 may affect invasion of OS through mediating MMP1 (38) .
In conclusion, this study identified key genes or miRNAs involved in OS. We screened 1,609 DEGs and 149 DE-miRNAs in the OS cell lines compared with normal bones. Besides, some molecules may correlate with OS, such as MAD2L1, AURKA, STAT3, ESR1, FOSL1, miR-1 and miR-128. However, experimental researches are still necessary to validate the functions of these molecules in OS.
